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In the 21st century, the frequency of natural disaster has greatly increased. It is difficult for 
human to directly reach the disaster areas. A tele-operation system has been developed to perform 
tasks instead of human workers. For efficient control of the tele-operation system, a haptic interface is 
necessary. There are largely two types of interfaces for haptic feedback to the user: exoskeleton type 
interfaces and end-effector type interfaces (E-E interface). The exoskeleton type interfaces have 
several limitations including issues related to the transmission of the reaction force to the user and 
misalignment. The drawbacks of the researched E-E interface include restricted coverage of the entire 
range of arm movement of the user and unevenness of the maximum output range. For interface 
structure design, there are several conditions must be considered. In this thesis, 3 DOF kinematic 
structure design for a wearable haptic interface is proposed for intuitive control and improvement of 
task performance of a teleoperated robot. The user’s range of motion required to manipulate a tele-
operated robot was assumed, and bent links of the interface were designed to avoid collision with the 
user. Simulations were conducted to verify that the proposed interface design covered the user’s range 
of motion. Based on this approach, a structure that satisfies approximately 95% of the range of motion 
was identified. Then a prototype was fabricated and evaluated while it was moved within the proposed 
range of motion. 
To lower the inertia of the interface actuation mechanism, a cable-driven actuation mechanism 
(CDAM) was utilized. The adopted CDAM uses series elastic actuator (SEA) and linear spring. The 
linear spring maintains minimum required pretension of the cable. A typical CDAM uses a sheath for 
routing a cable. However, the sheath routing method makes a high and non-linear friction between 
cable and sheath. To avoid this problem, in this research, the cable was routed from actuator to distal 
joint using a pulley structure without sheath. For the driving method, a proportional-integral-
differential (PID) controller was adopted and for tuning the PID gain, a Ziegler–Nichols tuning 
method was used. In addition, integral anti-windup was used to prevent the error accumulation of the 
PID controller. To transmit the intended force to the user, a total of three types of residual forces 
(friction, gravity, and tension) were compensated. 
To determine whether the intended force was transmitted to the user, a virtual wall experiment 
was performed. To confirm the transmitted force, a force/torque sensor (F/T sensor) was attached to 
the handle of the interface. A peg-in-hole experiment was performed to verify if the efficiency of the 
tele-operation tasks improved when force feedback was provided to the user. The result revealed a 
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I.1 Necessity of Tele-operation Systems 
In the 21st century, the frequency of natural disasters has greatly increased compared to the 20th 
century (Fig I.1.1 [1]). Natural disasters such as the 2011 Great East Japan Earthquake caused major 
catastrophic incidents, e.g. the Fukushima nuclear accident. It is difficult for humans to directly reach 
the associated disaster areas of these types of disasters. Research on robotic systems that can perform 
specific tasks in these disaster sites on behalf of humans is actively being pursued. The use of 
autonomous robots is one potential alternative to human workers. In the case of an autonomous robot, 
the ultimate goal is self-determination without the need for user input. For autonomous operation, 
training data for the task is required. However, it is difficult to obtain data for disaster areas. For this 
reason, autonomous robots are often unable to perform work on behalf of humans in these types of 
situations. Whereas, tele-operated robots require human’s input. Although the robot cannot perform 
the task by itself; however, data for training the robot dose not necessary. Therefore, with user’s input 
the tele-operated robots can perform more accurate task in disaster sites than autonomous robot. 
 
 





Fig I.2.1 Control interface or human motion measurement device 
(a) Joystick controller [2], (b) Goniometer measurement [3], (c) IMU sensor-based interface [4] 
 
I.2 Haptic Interface for Tele-operation Systems 
To control a human-sized tele-operated robot in precise and rapid manner, the following two 
conditions are required: a highly intuitive interface that can capture a user's movements, and a 
feedback system that provides information on the robot's status to the user . Previous research has 
focused on the use of a joystick interface (Fig.I.2.1 (a)) that can transmit feedback to the user [2]. 
However, it is not intuitive due to the lack of correspondence between the robot and interface gesture, 
and proficient control requires extensive training. A goniometer sensor (Fig.I.2.1 (b)) and IMU sensor 
(Fig.I.2.1 (c)) based interfaces have the advantage of being highly intuitive, but, it is difficult to 
transmit the appropriate information to facilitate feedback-based interaction between the robot and 
user [3, 4]. In general, this reduces the efficiency of the work [6]. 
Visual, aural and haptic feedback can improve the efficiency of the tele-operated task. In this 
research, haptic feedback is exploited for remote control of a tele-operated robot. Haptic interfaces are 
systems that link the senses between a human operator and a virtual environment [16]. These 
interfaces can be used not only for virtual environments but also as master devices for controlling a 
slave robot [17]. Haptic feedback can be classified into tactile feedback and kinesthetic feedback 
depending on the type of transmitted information [18]. Tactile feedback transmits pressure, tactile 
information, temperature, and softness. Kinesthetic feedback transmits position, velocity, and force. 
The results of previous research have shown that when working with tele-operated robots, kinesthetic 
feedback is more efficient than the tactile feedback [5]. Fig.I.2.2 (a) shows that the efficiency is 
improved when high-quality haptic feedback is used. In the case of force feedback, which is an 
example of kinesthetic feedback, better task performance is achieved compared to tactile feedback [6]. 
Fig.I.2.2 (b) shows the low error rate achieved when using force feedback. Therefore, to improve the 





Fig.I.2.2 Performance comparison between tactile feedback and haptic feedback 
(a) TCNF = No haptic feedback, TCLF = Low-frequency haptic feedback (7Hz), 
TCLFHF = Low and High-frequency haptic feedback (20~30Hz), 
DC = Best passible haptic feedback (~400Hz) [5] 
(b) Error rate by feedback type of the sense [6] 
 
 
Fig I.2.3 The end-effector type interface (left) and the exoskeleton type interface (right) [7] 
 
The force feedback interface can be broadly classified into two categories according to the 
number of contact points with the user and interface [8]. As shown in the Fig I.2.3 (right) an 
exoskeleton type interface is a device with at least two points on attachment on the user’s arm [7]. 




Fig I.2.4 Exoskeleton type haptic interfaces 
(a) CADEN-7 [22], (b) Capio [23], (c) X-Arm-2 [13], (d) ABLE [12] 
 
The CARDEN-7 interface uses a cable-driven actuation mechanism for the low inertia of the 
interface’s moving part and the twisting of the joint axes that ensures that a singularity does not occur 
within the user's range of motion for activities of daily living (ADLs) [22]. However, as shown in 
Fig.I.2.4 (a) the interface is too bulky. The Capio interface (Fig I.2.4 (b)) for controlling a humanoid 
robot can be used in a mobile environment because it is attached to the back of the user [23]. However, 
the interface is too heavy (24 kg) and a reaction force at the several contact points, except the user’s 
hand, results in an unintended force being transmitted to the user. These exoskeletons allow for 
individual control of the joints of the user's arms; however, an unintended reaction force is transmitted 
to the user [14]. This induces an unnatural sensation in the user and a low sense of realism. 
Exoskeletons are designed to be operated by direct attachment to the side of the user’s arm and the 
joint axes of the interface must be aligned with the user’s joint axes. If a misalignment problem occurs 
at the joint axes, the interface generates undesired/uncontrolled interaction forces [10, 11]. To address 
the misalignment problem, the X-Arm-2 interface (Fig I.2.4 (c)) as a multi-degree of freedom (M-
DOF) structure [13]. However, because of the multi DOF, the interface is bulky and the kinematic 
structure is too complicated. The ABLE interface (Fig I.2.4 (d)) has an additional structure to solve 
the misalignment problem, but when the user is changed, the initial preparation process for aligning 
the joint axes is longer [12]. Moreover, depending on the user’s arm length, the interface may not be 
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usable [15]. Even if these types of additional structures are used, the misalignment problem is too 
difficult to solve [9]. 
The E-E interface is an alternative approach for overcoming the problems associated with 
exoskeletons. In this case, there is no reaction force to the other part of the user’s arm and the problem 
of misalignment does not occur because the E-E interface has a single contact point. Even if the user 
is changed, the initial preparation process can be shortened and various user arm lengths can be used. 
The characteristics of each interface type are summarized in Table I.2.1. 
 





Fig I.2.5 Serial manipulator (left), Parallel manipulator (right) [19, 20] 
 
Robot manipulators can be classified according to the structural topologies of the E-E interface 
[19]. A serial manipulator’s end-effector is connected to the base with a single chain and a parallel 
manipulator is connected using several chains (Fig.I.2.5 [20]). The parallel manipulator structure has 
several disadvantages including a large volume compared to the workspace and difficulty in analyzing 
the singularity area of the structure. The serial manipulator can be an alternative method for 
addressing the problems associated with the parallel manipulator. This manipulator has a compact 
volume of structure compare to the workspace, and it is easy to analyze the singularity area of the 
structure compared to the parallel manipulator. The serial manipulator has the disadvantage of high 
inertia of the moving parts. However, this can be solved by using a cable-driven mechanism that does 
not attach the actuators directly to the joint part. The high stiffness of the parallel manipulator can 
provide resistance to the user’s natural movement and the low stiffness of serial manipulator is 
positive for the user’s natural motion. The characteristics of each kinematic structure are summarized 
in Table I.2.2 [19, 21]. 
 






Fig I.2.6 End-effector type haptic interfaces 
(a) Virtuose 6D [24], (b) CyberForce [25], (c) TELEsarPHONE [26], (d) VirtuaPower [27] 
 
The Virtuose 6D interface (Fig I.2.6 (a)) is an E-E interface in which the kinematic structure is a 
serial manipulator that is developed to transmit a force to the user in a Virtual Reality (VR) 
environment [24]. However, to satisfy the requirements for the user’s arm workspace, the interface’s 
link should be long. This results in a bulky interface and additional burden to the actuators of each 
interface joint. The CyberForce interface (Fig I.2.6 (b)) has a limited range of maximum force that can 
be transmitted to the user (Fig I.2.7) [25]. The user may experience unusual sensations and this has a 
negative effect on the performance of accurate tele-operation tasks because it is not possible to convey 
uniform force to the user. The TELEsarPHONE (Figure I.2.6 (c)) has a wide workspace, however, the 
volume of the interface attached to the user's hand is too bulky, which causes the inertia of the 
interface to be high and residual forces can be transmitted to the user [26]. In the case of the 
VirtuaPower (Fig. I.2.6 (d)), it is possible to achieve a high force in a wide workspace [27]. However, 
the kinematic structure of the parallel manipulator, which has high stiffness, is combined with the 
actuator for high output. This causes the interface to be too stiff and the user experiences additional 





Fig I.2.7 CyberForce’s maximum force transferable area (green area) [25] 
 
In this research, for intuitive and interactive control a human-sized tele-operated robot the 
following three conditions must be considered. Firstly, it must have at least 3 degrees of freedom 
(DOF) to transmit a force to the user. Secondly, the interface must cover the entire range of the user’s 
arm motions for intuitive manipulation. Otherwise, the user has a narrow range of motion, which 
adversely affects the performance of various tasks. Thirdly, no collision between the interface and 
user must occur. For intuitive control a force feedback wearable interface has been developed that 
satisfies the requirements of the user’s arm workspace. To avoid interfering with the user’s movement, 
the links of the interface are designed to be bent. The necessary workspace for control of the tele-
operated robot is assumed and to determine a proper kinematic structure of the interface, a simulation 
which verifying the available workspace and occurrence of collision is performed. Based on the 
simulation results, the proposed kinematic structure is confirmed and verified using a prototype. A 
cable-driven actuation mechanism (CDAM) can transmit the force through a cable from actuator to 
distal joint. The CDAM makes low inertia of moving part of the interface. The friction, gravity, and 
torque generated by the cable’s pretension are compensated to transmit accurate force to the user. A 
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virtual wall experiment and peg-in-hole experiment are performed to verify the transmitted force and 
the efficiency of the tele-operation tasks improved when force feedback is provided to the user. 
The remainder of this thesis is organized as follows. The design of the interface is proposed and 
evaluated using simulations and a prototype in Section II. In this section, the simulation assumptions 
are assumed and with the fabricated prototype the kinematic structure is verified. In Section III, the 
details of the control method for the transmission of a force from the interface to the user are 
presented. The performance is experimentally evaluated through the virtual wall experiment and the 
peg-in-hole experiment, and the details are presented in Section IV. The conclusion and discussion 
about this research are summarized in Section V. 
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II. Design of a 3 DOF Force Feedback Haptic Interface 
 
II.1 Kinematic Structure Design of the Haptic Interface 
In this research, an E-E interface with a serial manipulator is adopted for the kinematic structure 
of an interface. To determine the kinematic structure of an interface, the following conditions must be 
considered; firstly, the interface must have at least 3 DOF to transmit force to the user’s hand, 
secondly, for intuitive control of the tele-operated robot, the interface should satisfy the requirements 
of the workspace of the user’s arm movement because a narrow workspace increases the difficulty of 
performing the various types of task; thirdly, the interface must not interfere with the user’s movement. 
There are many possible combinations of the 3 DOF interface joint axes, however, the purpose of 
the interface is to satisfy the requirements of the user's arm workspace. As such, it is advantageous 
that the interface is positioned as close as possible to the user’s arm. Therefore, the joint.3 axis is 
designed in the x-direction, considering the flexion / extension movement of the user's elbow. In 
addition, most of the tasks are performed in front of the user. Therefore, the joint.2 axis is also 
designed in the x-direction so that the arm can easily move in the sagittal plane (Fig II.1.1). 
For Joint.1, there are two design cases. The case of designing all the three joint axes in the same 
x-axis direction was excluded. Firstly, when designing in the y-direction as shown in Fig II.1.2 (a), the 
weight of the interface must be compensated for Joint.1 so that it is not be transmitted to the user. This 
not only requires a high output power to the actuator, but also increases the actuator volume for high 
power. When the interface volume increases, the probability of interfering with the user’s movement 
also increases. Thus, designing the axis of Joint.1 in the y-direction has adverse effects in terms of 
economy and the free movement of the user. When the axis of Joint.1 is designed in the z-direction, 
the burden of the actuator decreases because Joint.1 does not need to compensate for the weight of the 











Fig II.1.2 Design candidate of the interface Joint.1 





Fig II.1.3 3 DOF wearable interface design 
The center of the interface’s workspace (yellow dot) / The user’s shoulder (blue dot) 
 
One of the design considerations is to fabricate an interface that satisfies the requirements for the 
user’s range of arm motion. To minimize the burden on the actuator, the minimum link length that can 
satisfy the range of motion must be determined. If the interface is designed as proposed (Fig II.1.3), 
the following problem occurs. To minimize the interface link length, the user’s shoulder must be as 
close to the rotation center of the interface as possible. The structure of Link.1 was vertically folded 
so that the joint axes of the interface’s Joint.1 and Joint.2 would match at one point (Fig II.1.3) 
because the user’s arm cannot overlap with the interface link. However, the user’s elbow collides with 
the interface’s Joint.3. Hence, collision was avoided by maintaining a separation distance between 
Joint.3 and the user’s elbow. In addition, the shapes of the interface’s Link.2 and Link.3 were changed 
to lower the probability of collision with the user. The kinematic structure design of the interface and 
the shapes of the links are represented by the variables 𝐿 ~𝐿 , 𝐿 , 𝐿  as shown in the following 
figure (Fig II.1.4). The Denavit–Hartenberg (DH) parameters of the structure are listed in Table II.1.1. 
Furthermore, the variables and DH parameters of the changed shapes of Link.2 and 3 are outlined in 
Fig II.1.5, Fig II.1.6, Table II.1.2, and Table II.1.3. In the DH parameters, there are some dummy 
frames for express the frame shape. In Table II.1.1, the frame 1  is dummy frame, Table II.1.2 shows 






Fig II.1.4 Kinematic structure design of the interface and shape of the link.2,3 
 


























































Fig II.1.7 User’s workspace 
(a) Horizontal abduction and adduction motion, (b) Flexion and extension motion 
 
 
Fig II.1.8 User’s workspace radius 
(a) Maximum radius of the workspace: 640mm (User’s arm length [28]) 
(b) Minimum radius of the workspace: 340mm (User’s upper limb length [28]) 
 
Table II.1.4 Summary of the user’s workspace 
 
 
The user’s workspace required to manipulate the tele-operated robot was assumed as shown in 
the preceding table. The range of the horizontal abduction and adduction motion was assumed to be 
+30°~ -80° (Fig II.1.7 (a)), the range of the flexion and extension motion was taken to be +45°~ -45° 
(Fig II.1.7 (b)), the maximum radius of the workspace was 640 mm, which is the user’s arm length 
(Fig II.1.8 (a) [28]), and the minimum radius of the workspace was 340 mm, which is the user’s upper 
limb length (Fig II.1.8 (b) [28]). The user’s workspace is outlined in Table II.1.4. A determination of 




II.2 Verification by Simulation 
II.2.1 Kinematic Analysis 
 
Fig II.2.1.1 User’s arm design and 4 joints 
 
Before simulations are performed, the forward/inverse kinematics of the user and interface must 
be first analyzed. The user’s arm was designed with two links and 4 DOF (𝜃 _ ~𝜃 _ , 𝜃  ) as 
shown in Fig II.2.1.1. To explain the inverse kinematics of the user’s arm, the inverse kinematics of 
the angle of the user’s shoulder 𝜃 _  can be divided into two cases as shown in Fig II.2.1.2. 
 𝜃 _ 𝑡𝑎𝑛  (II.2.1.1) 
 𝜃 _ 𝜋 𝑡𝑎𝑛  (II.2.1.2) 
The analytic solution of inverse kinematics can be determined using Eq. (II.2.1.1) for Fig II.2.1.2 
(b), and by using Eq. (II.2.1.2) for Fig II.2.1.2 (c). 
The inverse kinematics parameters of 𝜃 _  and 𝜃 _  corresponding to the user’s shoulder and 
elbow are explained in Fig II.2.1.3. The parameter 𝜃 _  is explained in Fig II.2.1.3 (c) and the 
parameter 𝜃 _  is explained in Fig II.2.1.3 (b). The inverse kinematics parameter of 𝜃 _  is 
expressed as: 
 𝜃 _ 𝜋 cos ∗ ∗  (II.2.1.3) 
The inverse kinematics parameters of 𝜃 _  can be determined by the following equations: 
 𝜃 _ 𝑡𝑎𝑛  (II.2.1.4) 




When Eqs. (II.2.1.4) and (II.2.1.5) are applied, we have: 
 𝜃 _ 𝜃 _ _ 𝜃 _ _  (II.2.1.6) 
 
 
Fig II.2.1.2 Inverse kinematics parameter for the user’s arm (𝜃 _ ) 
a: Vector from shoulder to the user’s hand (x direction) 
b: Vector from shoulder to the user’s hand (y direction) 
(a) 𝜃 _  figure, (b) 𝜃 _  case.1 (a > 0), (c) 𝜃 _  case.2 (a < 0) 
 
 
Fig II.2.1.3 Inverse kinematics parameter for the user’s arm (𝜃 _ , 𝜃 _ ) 
a: Vector from shoulder to the user’s hand 
b: Vector from shoulder to the user’s hand (x-y plane) 
c: Vector from shoulder to the user’s hand (z direction) 
𝐿 : Upper arm length, 𝐿 : Forearm length 




Fig II.2.1.4 Kinematic structure design of the user’s arm 
 
Table II.2.1.1 DH parameter of the user’s arm 
 
 
The kinematic structure of the user’s arm is shown in Fig II.2.1.4 and the DH parameters are 
outlined in Table II.2.1.1. The DH parameter transformation matrix corresponding to each row of the 
DH parameter can be determined and the forward kinematics of the user’s arm can be determined by 




The user’s swivel angle is illustrated in Fig II.2.1.5. The position of the elbow was controlled via 
forward kinematics. Thus can be expressed as the following equation. The rotation matrix in the three-
dimensional space can be determined by referring to Appendix B. 
 𝐸𝑃 𝑅𝑜𝑡 𝐴𝑥𝑖𝑠 , 𝑆𝑤𝑖𝑣𝑒𝑙 𝑎𝑛𝑔𝑙𝑒 ∗ 𝐸𝑃 (II.2.1.7) 
Where 𝐸𝑃  and 𝐸𝑃 represent elbow position considering the user’s swivel angle and 
elbow position when the swivel angle is 0°, respectively. 
 
 
Fig II.2.1.5 Forward kinematics parameter for the user’s swivel angle 
𝐸𝑃: Elbow position when the swivel angle is 0° 
𝐸𝑃 : Elbow position considering swivel motion 
𝐴𝑥𝑖𝑠 : Unit vector from shoulder to user’s hand 
(a) User’s swivel motion, (b) Swivel angle parameter 
 
The base position of the interface and the position of the end-effector are shown in Fig II.2.1.6. 
The interface was designed with three links and three joints as illustrated in Fig II.2.1.7. 
 
 




Fig II.2.1.7 Interface link design and 3 joints 
 
𝜃  of the interface can be expressed as Fig II.2.1.8. It can be divided into two cases. 
𝜃 _  and 𝜃 _  for the calculation of θ  can be expressed as Fig II.2.1.9. 
 𝜃 _ 𝑐𝑜𝑠  (II.2.1.8) 
 𝜃 𝑡𝑎𝑛  (II.2.1.9) 
θ  can be determined using Eqs. (II.2.1.8) and (II.2.1.9). The equation for Case 1 is (Fig 
II.2.1.10 (a)) is given as follows: 
 𝜃 𝜃 _ 𝜃 _  (II.2.1.10) 
The equation for Case 2 is (Fig II.2.1.10 (b)): 
 𝜃 ∗ 𝜋 𝜃 _ 𝜃 _  (II.2.1.11) 
Therefore, the analytic solution of the inverse kinematics for Joint.1 of the interface can be 




Fig II.2.1.8 Interface Joint.1 parameter (𝜃 ) 
a: Vector from base to the end-effector (x direction) 
b: Vector from base to the end-effector (y direction) 
c: Vector from base to the end-effector 
𝐿 : Length of the interface (Fig II.1.4) 
 
 
Fig II.2.1.9 Interface Joint.1 parameter (𝜃 _ , 𝜃 _ ) 
 
 
Fig II.2.1.10 Inverse kinematics of the interface Joint.1 (𝜃 ) 




Fig II.2.1.11 Inverse kinematics parameter for the interface Joint.2,3 
a: Vector from Joint.2 to the end-effector 
b: Vector from Joint.2 to the end-effector (x-y plane) 
c: Vector from Joint.2 to the end-effector (z direction) 
𝐿 : Length of the interface (Fig II.1.4) 
𝐿 : Length of the interface (Fig II.1.4) 
(a) 𝜃 , 𝜃  figure, (b) 𝜃  parameter, (c) 𝜃  parameter 
 
The parameters of the inverse kinematics for Joint.2 and Joint.3 of the interface are illustrated in 
Fig II.2.1.11. The inverse kinematics of Joint.3 can be expressed as follows (Fig II.2.1.11 (b)): 
 𝜃 𝜋 𝑐𝑜𝑠
∗ ∗
 (II.2.1.12) 
To determine the inverse kinematics of Joint.2, the following equations are required (Fig 
II.2.1.11 (c)): 
 𝜃 _ 𝑡𝑎𝑛  (II.2.1.13) 
 𝜃 _ 𝑠𝑖𝑛 ∗   (II.2.1.14) 
The inverse kinematics of Joint.2 can be determined using Eqs. (II.2.1.13) and (II.2.1.14) as 
follows: 
 𝜃 𝜃 _ 𝜃 _  (II.2.1.15) 
The forward kinematics of the interface can be determined by referring to Table II.1.1, Table 




To obtain the Jacobian matrix of the interface, the orientation Jacobian and position Jacobian 
must be determined. The equations for the orientation Jacobian are as follows: 
ω 𝑇 𝐴𝑥𝑖𝑠  
ω 𝑇 𝐴𝑥𝑖𝑠  
 ω 𝑇 𝐴𝑥𝑖𝑠  (II.2.1.16) 
To obtain the position Jacobian, the position of each joint and the equations of the orientation 
Jacobian (II.2.1.16) must be used. The position of each joint is as follows: 
P 𝑇 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛  
P 𝑇 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛  
P 𝑇 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛  
 P 𝑇 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛  (II.2.1.17) 
The position Jacobian can be expressed using Eqs. (II.2.1.16) and (II.2.1.17) as follows: 
γ 𝜔 𝑃 𝑃  
γ 𝜔 𝑃 𝑃  
 γ 𝜔 𝑃 𝑃  (II.2.1.18) 
Therefore, the Jacobian matrix of the interface is as follows: 
 J
𝜔 𝜔 𝜔




II.2.2 Simulation Flow 
Based on simulations, the following were verified: the ability of the interface to move inside the 
user’s workspace, the possibility that the singularity point exists in the workspace, and finally, 
determining whether the interface interferes with the user. 
The simulation process was as follows. The user workspace required to manipulate the remote 
robot presented in Table II.1.4 was divided into points with a certain interval. The user’s workspace 
radius had an interval of 50 mm, the horizontal abduction and adduction motion and the flexion and 
extension motion have intervals of 5°. Fig II.2.2.1 (a) shows the separated workspace when the user’s 
workspace radius is 640 mm while Fig II.2.2.1 (b) shows the separation of the user’s entire workspace 
radius (340~640 mm, Fig II.1.8). 
The possibility of motion can be verified via the inverse kinematics of the interface for each 
point inside the user’s workspace. If the solution of the inverse kinematics cannot be determined, the 
motion of the interface is impossible at that point. The occurrence of a singularity point can be 
verified by obtaining the Jacobian matrix based on the values of the inverse kinematics and the DH 
parameters. If the rank of the interface Jacobian matrix is less than 3, it is impossible to control the 
interface at that point. To verify the occurrence of a collision between the interface and user, the 
following assumptions were established: the shortest distance between the user and interface link 
when the user’s swivel angle at the point has a range of 0~90° is determined and it is assumed that a 
collision occurred when the distance to the user’s upper limb is less than 50 mm or the distance to the 
user’s lower limb is less than 35 mm. These lengths were assumed based on the thickness of the user’s 
arm [28]. When all these conditions are met, it is possible to move at that point. Fig II.2.2.2 shows an 
example of the simulation result screen. The preceding simulation process is outlined as a flowchart in 
Fig II.2.2.3. 
The range of the user’s workspace was verified in the aforementioned process while changing the 
interface link length, the shapes of Link.2 and 3, and the position of the interface base. The link length, 
link shape, and the range of the interface base position were assumed considering the user’s arm 
length as follows (Fig II.2.2.4, Fig II.2.2.5). ( 𝐿 , 𝐿 : 200~300 mm  / 𝐿 , 𝐿 : 400~600 mm  / 






Fig II.2.2.1 Separation the user’s workspace 
(a) Radius of the workspace: 640mm, (b) Entire workspace 
 
 
Fig II.2.2.2 Example of the simulation result 
Available point (blue dot) / No solution point (red cross) 











Fig II.2.2.4 The parameters of the interface link length and shape 
 
 









II.3 Simulation Results and Verification by Prototype 
The simulation was performed using the previously proposed method, and the results are 
outlined in Table II.3.1. Among the results of the simulation variables in Table II.2.2.1, those that 
showed a range of 80% or higher available workspace are listed in Table II.3.2. The results that 
showed 95% or higher available workspace are the 9th, 10th, 15th, 16th, and 18th simulations. Given that 
all the results exhibited 95% or higher available workspace, a structure with a short link length and a 
short distance between the interface base and the user’s shoulder must be selected. 
The distance between the interface base and the user’s shoulder is 223 mm for the 9th structure 
and 244 mm for the 10th structure. The 16th structure was excluded because the distance exceeded 300 
mm, and the 15th and 18th structures were excluded because the distance exceeded 400 mm. When the 
9th and 10th structures were compared, the former had a larger workspace. Thus, the prototype was 
fabricated using this length. 
Table II.3.1 Simulation results 
 






Fig II.3.1 Prototype test (top view) 
 
When the prototype was fabricated and tested, the user’s workspace requirements were satisfied 
and no collision with the interface occurred. However, the space between the user and interface was 
too large (Fig II.3.1). This problem can be analyzed as follows. It was assumed that the user’s swivel 
angle always had a range of 0~90°, and this resulted in an excessively large space between the 
interface and the user. Therefore, to solve this problem, the user’s swivel angle was assumed to have a 
range of 0~30° when the user’s abduction and adduction motion was below -45°. 
To reduce the space between the user and the interface, the prototype model was modified 
according to Table II.3.3. When the workspace of the modified prototype was checked, the available 
workspace was approximately 95% (Fig II.3.2 (a)). Although a collision range of approximately 5% 
was determined (Fig II.3.2 (b) for the partial area of the workspace radius of 340~390 mm), it was 
considered that because most tasks using the remote robot are performed with the user’s arm stretched, 
some collision areas may have little effect on performing the task. The appropriateness of the space 
between the user and interface was examined using the modified prototype. As shown in Fig II.3.4 (a), 
the modified prototype in Fig II.3.4 (b) showed a smaller space between the user and interface 
compared with the prototype before modification (Fig II.3.3). When the modified prototype was 
examined inside the workspace presented in Table II.1.4, it was verified that there was no problem 




Table II.3.3 Modified prototype structure design parameter 
 
 
Fig II.3.2 Interface workspace 





Fig II.3.3 Modified prototype structure design 
(a) Previous prototype, (b) Modified prototype 




Fig II.3.4 Space comparison between previous and modified prototype 









III. Control of the Haptic Interface 
 
III.1. Target Force of the Haptic Interface 
 
Fig III.1.1 Task force and transmitted force to the user 
 
To set the target value of the force transmitted to the user, the minimum force that the user can 
identify must be determined. When a force of 2 N is transmitted to the hand of a user, the user can 
definitively recognize it [31]. In this study, it was also assumed that a force of 2N transmitted to the 
user’s hand can be recognized. 
To determine the size of the force generated during the operation of a remote robot, the drilling 
task that is often used in a disaster environment was considered (Fig III.1.1). The weight of the drill 
[DEWALT, DCS551N] was 1.3 kg and the generation of a force of 10 N ~ 20 N was determined 
during a drilling task in an experiment using an F/T sensor [ROBOTOUS, RFT64-SB01]. When the 
drilling task is performed, the weight of the drill does not need to be transmitted to the user. Thus, if a 
force of 10 N~20 N generated during the task is scaled down to 1/5 and this force is transmitted to the 
user, the user experiences a force of 2 N~4 N. The magnitude of this force is recognizable by the user. 
Thus, the maximum size of the force transmitted to the user is 4 N. 
The torque required in each joint can be calculated using the Jacobian matrix as previously 
described (Eq. (II.2.1.19)) as follows. The weight of the interface was assumed to be 1 g per 1 mm of 
the link considering the aluminum density (2.7g/cm ) and cross-section area (W: 4 cm, H: 1 cm, 
4 cm ) (Link.2: 497 g, Link.3: 46 8g). 
 τ 𝐽 ∗ 𝐹 τ   τ    (III.1.1) 
When the required torque of each joint was calculated using Eq. (III.1.1), the torques required for 
Joint.1, Joint.2, and Joint.3 were 2.68 Nm, 6.02 Nm, and 2.44 Nm, respectively.  
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III.2 Cable-Driven Actuation Mechanism 
For actuation, a cable-driven actuation mechanism (CDAM) was utilized. One drawback of the 
serial mechanism is the high inertia of the actuation mechanism and this problem can be solved by 
using the CDAM. In this study, a mechanism that can maintain the cable pretension above the target 
value (60 N, Appendix C) using a linear spring and a series elastic actuator (SEA) was adopted (Fig 
III.2.1 [29]). 
A typical problem of the CDAM method is that a sheath is used to route a cable to the distal joint 
and friction occurs between the cable and sheath. To minimize this problem, a cable was routed to the 
distal joint using a pulley. The cable routing method is briefly described in Section III.3. This method 
can reduce the friction compared to the sheath method, but a residual force is generated by the 
pretension of the cable. This problem and solution are explained in detail in Section III.5.3. The 




Fig III.2.1 Cable-driven actuation mechanism [29] 
(a) Side view, (b) Top view 
k : torsion spring stiffness, k : Linear spring stiffness, θ : Motor angular position 
τ : Motor torque, θ : Motor joint angular position, r : Motor joint radius, F : cable tension 
τ : Distal joint torque, r : Distal joint radius 
 




III.3 Configuration of the Haptic Interface 
 
Fig III.3.1 Haptic interface with cockpit 
Cable-driven actuation mechanism with haptic interface (left), haptic interface with cockpit (right) 
 
Fig III.3.1 shows the total structure of the haptic interface. The interface is controlled from the 
cockpit illustrated on the right side. The left figure shows the interface to which the CDAM is applied. 
As previously described, the haptic interface in this study used a pulley instead of a sheath for cable 
routing to minimize friction. The cable routes of Joint.1, 2 and 3 are illustrated in Fig III.3.2, Fig 
III.3.3, and Fig III.3.5. For cable routing to Joint.2 and 3 even when Joint.1 and 2 rotate, the pulley 
fixture was designed as shown in Fig III.3.4 (b) and Fig III.3.5 (a). 
However, when the pulley is used as shown in Fig III.3.4 (b) and Fig III.3.5 (a), the cable length 
from the motor to the distal joint changes according to the rotation angle of the joint (Fig III.3.6), 
which causes a change in the cable tension. Therefore, a position where the cable length change does 
not cause any problem in the task should be identified. Fig III.3.7 shows the distance from the joint 
center to the pulley center. Fig III.3.8 shows the length change of the cable when the distance between 
the joint center and pulley center is 3.5 mm. In this case, a cable length change of 1.4 mm is generated. 
As a result of this length change, a minimum tension of 60 N must be maintained even if the cable 
tension is changed. The stiffness of the linear spring used in this study was 19.46 N/mm, and the cable 
tension change in this case is 6.81 N (Appendix C, Eq. (C.2)). No problems were encountered when 
the initial pretension of the cable was 66.81 N. The parts were selected to avoid any issues, even if a 
tension of 80 N is applied to the cable. Thus, the pulley was designed to be positioned at 3.5 mm from 














Fig III.3.4 Joint.2 cable routing 
(a) Joint.2 cable routing, (b) Pulley for routing while rotating the Joint.1, 





Fig III.3.5 Detail part of the Joint.3 cable routing 





Fig III.3.6 Length of the cable by the joint angle 




Fig III.3.7 Pulley position from the center of the joint 
 
 




III.4 Control Method 
 
Fig III.4.1 Z-N PID tuning method (Joint.1) 
 
A PID control method whose gains were tuned by the Ziegler–Nichols (Z-H) method, was used 
to control the actuator [30]. As shown in Fig III.4.1, the gain of each joint is raised to use the Z-N 
method, and a P gain value that oscillates indefinitely was determined. When the disturbance was 
applied at a P gain of 2.4, the controlled torque oscillates consistently. This P gain is called ultimate 
gain (Ku) and the period of oscillation cycle is called Tu. The equation for Z-N PID tuning is as 
follows: 








Fig III.4.2 Block diagram of the PID controller 
(a) PID controller without integral anti-windup, (b) PID controller with integral anti-windup 
 
Table III.4.1 PID gain of the 3 joints 
 
 
The PID gain values of Joint.1 determined using Eq. (III.4.1) are as follows: P:1.44, I:58, and 
D:0.00882. Using the proposed method, the PID gain values of Joint.2 are: P:2.46, I:104, and 
D:0.0144525; and the PID gain values of Joint.3 are P:2.1, I:93.33, and D:0.0118125. The PID values 
of the three joints are outlined in Table III.4.1. 
In addition, to prevent error accumulation when the PID control values exceed the output limit 
(saturation) (Fig III.4.2 (a)), the integral anti-windup was applied. As shown in Fig III.4.2 (b), when 
the saturation is exceeded, the difference is multiplied by the anti-windup gain (1/K  [32]) and the 




To use the SEA actuation method for the CDAM, the ID of the torsion spring and linear spring 
must be performed (Appendix. D). The stiffness values of the torsion spring and linear spring used in 
each joint are outlined in Table III.4.2. 




III.5 Compensation of the Residual Force 
III.5.1 Friction Compensation 
To transmit the desired force to the end-effector of the interface, the residual force in the 
interface must be compensated. Section.III.5 describes three types of residual forces. The first type is 
the friction between the cable and the pulley. 
 
Fig III.5.1.1 Friction between cable and pulley 
k : torsion spring stiffness, θ : Motor angular position, τ : Motor torque 
θ : Motor joint angular position, τ : Distal joint torque 
 
As shown in Fig III.5.1.1, there is friction between the cable and the pulley. To measure the 
friction, the command torque of the torsion spring is set to 0 Nm and while moving the distal joint 
with hand, the difference in the torque value is determined by using the sensor attached to the distal 
joint, in addition to the torsion spring and encoder attached to the motor. The equation for the torque 
of the torsion spring is as follows: 
 τ 𝑘 ∗ 𝜃 𝜃  (III.5.1.1) 
Fig III.5.1.2 shows the friction graph according to the angular velocity for Joint.1. The equation 
was formulated by curve fitting to the sigmoid function as follows: 
 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑡𝑜𝑟𝑞𝑢𝑒 . 0.3645
. .
. .   ∗ .  (III.5.1.2) 
 𝑆𝑖𝑔𝑚𝑜𝑖𝑑 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝐵𝑜𝑡𝑡𝑜𝑚  ∗  (III.5.1.3) 
The sigmoid function model can be expressed in Eq. III.5.1.3. Bottom and Top mean maximum 
and minimum value of the sigmoid function. The EC  means inflection point and the slope means 




Fig III.5.1.2 Joint.1 friction identification 
 
 
Fig III.5.1.3 Block diagram of the control structure (friction compensation) 
 
Fig III.5.1.3 shows the block diagram of the feedforward friction compensation. The motor is 
controlled with the value of τ  by compensating for the estimated torque (𝜏 ) determined with Eq. 
(III.5.1.2) for the desired torque (τ ) and the u is motor input voltage. In this case, the friction 
between the cable and pulley can be compensated. The friction of Joint.2 and Joint.3 can be 
determined by the same method as follows: 
 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑡𝑜𝑟𝑞𝑢𝑒 . 0.4233
. .
. .   ∗ .  (III.5.1.4) 
 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑡𝑜𝑟𝑞𝑢𝑒 . 0.5832
. .
. .   ∗ .  (III.5.1.5) 
Fig III.5.1.4 shows the angular velocity-friction graphs for Joint.2 and 3. 
  
-4 -3 -2 -1 0 1 2 3 4













Fig III.5.1.4 Friction identification 
(a) Joint.2 friction identification, (b) Joint.3 friction identification 
 
The determine the friction compensation, the data of the F/T sensor attached to the distal joint 
was compared with the root-mean-square error (RMSE) of the desired torque when the desired torque 
is 0 Nm and when it is a sinusoidal wave (Table III.5.1.1). It can be seen that the RMSE is smaller 
when the friction compensation is applied. The reduction ratio of the RMSE is outlined on Table 
III.5.1.2. 
 
Table III.5.1.1 RMSE with and without friction compensation 
 
 




III.5.2 Gravity Compensation 
 
Fig III.5.2.1 Weight of the link and location of the center of gravity 
M : Weight of the link. 2, M : Weight of the link. 3, L . : Center of gravaty of the link. 2 
L . : Center of gravaty of the link. 3, L : Length of the link. 4 
(a) Weight and center of gravity of the link.2, (b) Weight and center of gravity of the link.3 
 
In addition, the weight of the link must be compensated. Fig III.5.2.1 shows the position of the 
center of gravity and weight of the link. The center of gravity was determined using Solidworks 
[Dassault Systèmes, 2017] and the weight was directly measured. The joints to which gravity 
compensation must be applied are Joint.2 and 3, and the required equations are as follows: 
 τ . 𝜏 . M ∗ 𝐿 . ∗ sin 𝜃 𝑀 ∗ 𝐿 ∗ sin 𝜃 𝐿 . ∗ sin 𝜃  (III.5.2.1) 
 τ . 𝜏 . M ∗ 𝐿 . ∗ sin 𝜃  (III.5.2.2) 
θ : angle of the distal joint. 2, θ : angle of the distal joint. 3 
Fig III.5.2.2 shows the block diagram of feedforward friction and gravity compensation. 
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However, the present system uses an incremental encoder. One possible problem, in this case, is 
that of a residual torque in the torsion spring. As shown in Fig III.5.2.3 (a), when the torsion spring is 
correctly aligned, there is no residual torque. However, if there is a misalignment of the torsion spring 
due to the high gear ratio (156:1) of the motor as shown in Fig III.5.2.3 (b), there is a residual torque 
in the spring. In this case, it is difficult to generate the desired torque output. 
Fig III.5.2.4 shows an experiment in which gravity compensation was performed for Joint.2. If 
the torque to be compensated is negative, it can be confirmed by the value measured with the F/T 
sensor at the joint that a larger force was transmitted. However, if the torque to be compensated is 
positive, gravity compensation is not applied because the transmitted torque is smaller than the target 
value. Gravity compensation was not appropriately applied because it is difficult to perfectly solve 
this problem with the current system. 
 
 
Fig III.5.2.2 Block diagram of the control structure (friction and gravity compensation) 
𝑢: Motor input voltage, 𝜃 : Motor angular position, 𝜏 : Motor torque 
𝜏 : Estimated gravity compensation torque 





Fig III.5.2.3 Residual torque on the torsion spring 
(a) Alignment of the torsion spring, (b) Misalignment of the torsion spring 
 
 
Fig III.5.2.4 Joint.2 gravity compensation experiment 
  










F/T sensor torque Joint.2 torsion spring torque Gravity compensated command torque
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III.5.3 Cable Tension Torque Compensation 
 
Fig III.5.3.1 Cable tension torque 
(a) The direction of the cable tension matches with the center of the joint 
(b) The direction of the cable tension does not match with the center of the joint 
 
It is also necessary to compensate for the torque generated by the cable tension. The torque is 
generated at the part in Fig III.3.5 (a) and Fig III.3.4 (b). As shown in Fig III.5.3.1 (a), no torque is 
generated if the angle of the distal joint is 0°. However, if a rotation of the joint occurs as shown in 
Fig III.5.3.1 (b), a torque is generated because the direction of the cable tension is not aligned with the 
center of the joint. To measure this force, an F/T sensor is attached to the distal joint of Joint.1 and the 
torque magnitude according to the angle is measured by controlling the position of Joint.1 (Fig 
III.5.3.2). The torque generated at Joint.2 was also measured using the same method (Fig III.5.3.3). 
Fig III.5.3.4 and Fig III.5.3.5 show the graphs of the torques generated according to the angle of the 
distal joint of Joint.1 and 2. This data can be expressed via curve fitting according to the following 
equations: 
τ .  0.3123𝜃 1.4076𝜃 1.8538𝜃 0.6304𝜃 1.6263𝜃 0.0988 
(III.5.3.1) 
 τ .  0.4875𝜃 0.043𝜃 0.6321𝜃 0.0758 (III.5.3.2) 
θ : angle of the distal joint. 1, θ : angle of the distal joint. 2 
Fig III.5.3.6 shows the block diagram of the feedforward friction, gravity and tension 
compensations. Fig III.5.3.7 (a) shows the force of the torque that must be compensated over time, 
and Fig III.5.3.7 (b) shows the position of the distal joint at that time. This confirms that the position 
of the distal joint does not change while the torque is compensated according to the position of the 
distal joint. Fig III.5.3.8 shows the experimental results without tension compensation. In this figure 
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the transmitted torque cannot follow the desired torque. For Joint.2, gravity compensation was not 




Fig III.5.3.2 Joint.1 cable torque measurement experiment 
 
 
Fig III.5.3.3 Joint.2 cable torque measurement experiment 




Fig III.5.3.4 Joint.1 cable torque measurement result 
  
 





Fig III.5.3.6 Block diagram of the control structure (friction, gravity and tension compensation) 
𝑢: Motor input voltage, 𝜃 : Motor angular position, 𝜏 : Motor torque 
𝜏 : Estimated cable tension compensation torque 
𝜏 : Friction, gravity and tension torque 
 
 
Fig III.5.3.7 Experimental result with tension compensation 





Fig III.5.3.8 Experimental result without tension compensation 




IV. Experimental Verification 
 
 
Fig IV.1 Virtual wall experiment 
(a) Experimental setting (user side) 
(b) Interface’s end-effector position, (c) Desired and measured force at end-effector 
 
Firstly, a virtual wall test which is transmit a force depending on the end-effector position was 
performed to confirm whether the intended force could be transmitted to the user’s hand. The user 
wears the interface as shown in Fig IV.1 (a), and Fig IV.1 (b) shows the end-effector position of the 
interface according to the user’s motion. The boundary of the virtual wall is X=0.3 m, 0 m / Y=0.5 m / 
Z=-0.4 m according to the position of the end-effector. Fig IV.1 (c) shows the sizes of the desired 
force of the end-effector and the force measured at the F/T sensor attached to the end-effector. The 
size of the force to be transmitted is 10 N and the stiffness of the virtual wall is 0.1 N/mm. It can be 




Fig IV.2 Interconnecting the haptic interface with tele-operated robot [4] 
 
The haptic interface and the tele-operated robot were interconnected via Wi-Fi communication 
(Fig IV.2). For the tele-operated robot, a robot of the AVATAR system was used [4]. The position of 
the end-effector, the orientation, and swivel angle of the wrist of the tele-operated robot were 
controlled using the haptic interface. For swivel angle control, an IMU sensor [E2BOX, 
EBIMU24GV3] was used [4]. To determine whether the work efficiency of the tele-operated robot 
was improved when haptic feedback was available to the user, a peg-in-hole task that inserts pegs in 
holes was performed, which allowed a comparison of the task completion time, success rate, and 
impact [33]. As shown in Fig IV.3 (a), the user received vision feedback via a monitor. Fig IV.3 (b) 




Fig IV.3 Experimental setting (user side) 
(a) Vision feedback, (b) Force feedback interface 
 
 
Fig IV.4 Experimental setting (robot side) 
Hole diameter: 3cm, Peg diameter: 2.9cm 
 
Fig IV.4 shows the settings for the peg-in-hole experiment. The diameter of the peg is 2.9 cm and 
the diameter of the hole is 3 cm. 
A total of 10 experiments were performed; five experiments each alternately with and without 
force feedback to the user. The success or failure of the task and the task completion time were 
examined and the impact that the robot applied to the environment was compared with the F/T sensor 
attached to the hand of the remote robot (Fig IV.5). Table IV.1 outlines the experimental results 
obtained with and without force feedback. Table IV.2 shows the experimental results about each 
experiment iteration and with Fig IV.1 the result of the experiment by iteration can be verified. When 
force feedback was available to the user, the task was faster, the task success rate was higher, and the 
force applied by the robot to the environment was lower. When the coefficient of variation of the 
impact was compared, the coefficient of variation of the z-direction, which is the direction of the 
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insertion of the peg into the hole, is smaller. This suggests that more consistent performance can be 
achieved with force feedback. 
 
Table IV.1 Experimental results 
 
 






Fig IV.1 Experimental result by iterations 
(a) Task-Completion time without force feedback 
(b) Impulse of the Z-direction without force feedback 
(c) Task-Completion time with force feedback 




V. Discussion and Conclusion 
 
In this thesis, a 3 DOF kinematic structure design of a wearable haptic interface is proposed for 
intuitive control and to improve task performance of a tele-operated robot. The advantages and 
disadvantage of exoskeleton and E-E interfaces were investigated. To address the disadvantages of the 
exoskeleton, the serial manipulator structure of the E-E interface was used. To cover the user’s 
workspace without collision between the user and interface, the interface link was bent. An interface 
structure that covers 95% of the user’s workspace was verified via simulations and prototyping. 
A cable-driven actuation that can lower the inertia of the actuation mechanism was utilized to 
reduce the residual force transmitted to the user. A PID controller using the Ziegler-Nichols tuning 
method and integral anti-windup was used to control the interface. The friction, gravity, and tension 
residual force were compensated to accurately transmit a force to the user, and the size of the 
transmitted force was verified using an F/T sensor. An actual remote robot was controlled and a task 
was performed by interconnecting the developed interface with the tele-operated robot of the 
AVATAR system. It was verified via a peg-in-hole experiment that the task efficiency improved when 
a force was transmitted to the user for a task using a remote robot. 
However, the torsion spring of the series elastic actuator (SEA) could not be perfectly controlled 
because an incremental encoder and a motor with a high gear ratio were used. This problem can be 
solved with an absolute encoder. In a follow-up investigation, this aspect should be addressed to 
prevent the residual force of the torsion spring. In addition, the residual force transmitted to the user 
can be reduced by compensating for the inertia of the interface link. Furthermore, three IMU sensors 
were used to measure the user’s swivel angle. However, when the interface and IMU sensor are used 
together, the advantage of the end-effector interface in terms of the ease of wear is sacrificed. 
Therefore, the user’s swivel angle can be measured without using an IMU sensor or the drift 
phenomenon. The latter is a typical problem of the IMU sensor and can be compensated by 
interconnecting with the interface. This method still uses additional sensors, but without additional 
sensors, the user’s swivel angle is hard to be measured on the E-E interface. Therefore, if using a 
sensor in which size is very tiny, then the sacrifice of the E-E interface’s advantage can be minimized. 
The motion capture system has small markers, the markers have light weight and small size. 
Therefore, the user does not feel uncomfortable with motion capture markers. 
The developed wide workspace kinematic structure can be applied not only for the tele-operation 
system, but also the VR, AR and entertainment industries. Recently, in the entertainment industry 
miscellaneous controllers have been researched for various contents. Representatively, there are X-
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Box Kinect and Nintendo Wii. The Kinect controller cannot transmit sense and the Wii controller can 
transmit only tactile feedback. However, to provide more realism to the user, the force feedback is 
necessary. In the racing game, force feedback can be provided to the user through a handle type 
controller, but this type of controller is limited only certain contents. Thus, the wide workspace 
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Fig A.1 DH parameter 
 
Fig A.1 shows the DH parameter. For this parameter, the joint axes and positions of the structure 
can be defined. Each row of the DH parameter can be represented as follows: 
 𝑇 𝑅𝑜𝑡 𝑥, 𝛼 ∗ 𝑇𝑟𝑎𝑛𝑠 𝑥, 𝛼 ∗ 𝑇𝑟𝑎𝑛𝑠 𝑧, 𝑑 ∗ 𝑅𝑜𝑡 𝑧, ∅  (A.1) 
Equation (A.1) can be expressed as follows: 
𝐷𝐻 𝑇𝑟𝑎𝑛𝑠 𝑚𝑎𝑡𝑟𝑖𝑥 
𝑐𝑜𝑠 ∅ 𝑠𝑖𝑛 ∅
𝑠𝑖𝑛 ∅ ∗ 𝑐𝑜𝑠 𝛼 𝑐𝑜𝑠 ∅ ∗ 𝑐𝑜𝑠 𝛼
0 𝛼
𝑠𝑖𝑛 𝛼 𝑑 ∗ 𝑠𝑖𝑛 𝛼
𝑠𝑖𝑛 ∅ ∗ 𝑠𝑖𝑛 𝛼 𝑐𝑜𝑠 ∅ ∗ 𝑠𝑖𝑛 𝛼
0 0
𝑐𝑜𝑠 𝛼 𝑑 ∗ 𝑐𝑜𝑠 𝛼
0 1
 (A.2) 
With each row of the 𝐷𝐻 𝑇𝑟𝑎𝑛𝑠 𝑚𝑎𝑡𝑟𝑖𝑥 can be expressed as follows: 
𝐴 𝐷𝐻 𝑇𝑟𝑎𝑛𝑠 𝑚𝑎𝑡𝑖𝑥 𝐷𝐻 𝑝𝑎𝑡𝑎𝑚𝑒𝑡𝑒𝑟 1  𝑟𝑜𝑤  
𝐴 𝐷𝐻 𝑇𝑟𝑎𝑛𝑠 𝑚𝑎𝑡𝑖𝑥 𝐷𝐻 𝑝𝑎𝑡𝑎𝑚𝑒𝑡𝑒𝑟 2  𝑟𝑜𝑤  
⋮ 
 𝐴 𝐷𝐻 𝑇𝑟𝑎𝑛𝑠 𝑚𝑎𝑡𝑖𝑥 𝐷𝐻 𝑝𝑎𝑡𝑎𝑚𝑒𝑡𝑒𝑟 𝑛  𝑟𝑜𝑤  (A.3) 
 
𝑇 𝐴  
𝑇 𝐴 ∗ 𝐴  
⋮ 
















































































































































































































































































































Fig C.1 Cable-driven actuation mechanism 
 
One of the most important aspects of the CDAM method is that the cable must not break away 
from the pulley. Therefore, it is important to maintain the cable tension above a certain magnitude. 
The pretension of the cable is expressed as: 
 2 ∗ 𝑇 2 ∗ 𝑇 𝑘 ∗ ∆𝑥 (C.1) 
𝑘 : linear spring stiffness, ∆𝑥: linear spring compression length  
When the transmitted torque to the distal joint (Disc e) is zero the pretension can be expressed as 
follows: 
 4 ∗ 𝑇 𝑘 ∗ ∆𝑥 (C.2) 
When the transmitted torque is not zero, a difference between the cable tension T  and T  will 
occur. 
 𝑟 ∗ 𝑇 𝑇 𝜏  (C.3) 
If T 𝑇 2 ∗ 𝑇, when it is substituted in Eq. (C.1), T 0 𝑁 can be confirmed. Thus, when 
the tension difference between the two cables is larger than 2T, the tension of one cable becomes 0 N. 
If T 𝑇 2 ∗ 𝑇  (T 0𝑁, 𝑇 𝑇 ), when it is substituted in Eq. (C.1), 4 ∗ T 𝑘 ∗ ∆𝑥 . 
In this case, ∆x ∆x and the compression length of the spring increases. If the compression length 
of the spring increases when the cable tension is 0 N, then the cable breaks away from the pulley. 
Therefore, the size of the torque that can be transmitted to the distal joint without the cable 
breaking away from the pulley can be expressed as: 
 τ 𝑟 ∗ 2 ∗ 𝑇 (C.4) 
In this study, the minimum tension of the cable required to transmit a torque of 6 Nm to the distal 




The ID of the torsion spring was performed as follows: to accurately measure the torque, an F/T 
sensor was attached to the distal joint and it was fixed so that it would not rotate (Fig D.1). Given that 
the distal joint is fixed, it was assumed that the friction between the cable and pulley does not affect 
the ID of the torsion spring. The torque (𝑇 ) of the F/T sensor was force-controlled and the difference 
(∆𝑎𝑛𝑔𝑙𝑒) between the encoder value of the motor and the angular position of the motor joint was 
measured. The spring stiffness was approximated using a linear equation based on the least square 














 AX B → X A A 𝐴 𝐵 (D.2) 
 T 𝑎 ∗ ∆𝑎𝑛𝑔𝑙𝑒 𝑏 (D.3) 
 





Fig D.2 Experimental results for the torsion spring ID 
(a) Joint.1 torsion spring ID result, (b) Joint.2 torsion spring ID result 
(c) Joint.3 torsion spring ID result 
 
The results of the torsion spring ID graph for 3 joints are shown in Fig D.2. Fig D.2 (a) shows the 
torsion spring ID of joint.1; the result is T 76.1559 ∗ ∆𝑎𝑛𝑔𝑙𝑒 0.0061 and the spring stiffness 
is 76.1559 Nm/rad. Fig D.2 (b) shows the torsion spring ID for joint.2; the result is T 79.5091 ∗
∆𝑎𝑛𝑔𝑙𝑒 0.0726 and the spring stiffness is 79.5091 Nm/rad. Fig D.2 (c) shows the torsion spring ID 







Fig D.3 Experimental setting for linear spring ID 
 
Fig D.3 shows the experimental setting for the ID of the linear spring. The displacement of the 
linear spring was changed by applying a force to the region where a potentiometer was attached, and 
the displacement (∆𝐿) and force (𝐹 ) generated at this moment were measured with an F/T sensor. The 
spring stiffness was approximated with a linear equation using the least square method. The equation 














By using the equation (D.2): 




Fig D.4 Experimental results for the linear spring ID 
(a) Joint.1 linear spring ID result, (b) Joint.2 linear spring ID result 
(c) Joint.3 linear spring ID result 
 
The results for the linear spring ID graph of 3 joints are shown in Fig D.4. Fig D.4 (a) shows the 
linear spring ID of joint.1; the result is 𝐹 35.7215 ∗ ∆𝐿 132.4481 and the spring stiffness is 
35.7215 N/mm. Fig D.4 (b) shows the linear spring ID for joint.2; the result is 𝐹 18.7774 ∗ ∆𝐿
132.4481and the spring stiffness is 18.7774 N/mm. Fig D.4 (c) shows the linear spring ID for joint.3; 
the result is 𝐹 16.8051 ∗ ∆𝐿 200.8493 and the spring stiffness is 16.8051 N/mm. 
